The two pairs of sensory neurons of C. elegans, AWA and AWC, that mediate odorant attraction, express six G␣-subunits, suggesting that olfaction is regulated by a complex signaling network. Here, we describe the cellular localization and functions of the six olfactory G␣-subunits:
H ETEROTRIMERIC G-proteins transduce diverse
the ability of the AWA and AWC cells to detect different signals, varying from intercellular mediators to odorants (Bargmann et al. 1993) . A functional asymmeenvironmental stimuli (Hamm 1998) . Activation of the try between the left and the right AWC cell provides a G-protein complex, consisting of an ␣-, a ␤-, and a ␥-subfurther means to discriminate between odorants (Wes unit, results in exchange of GDP for GTP and release and Bargmann 2001) . Still, even functional differences of the GTP-bound G␣-and the G␤␥-dimer. Both entities can activate effector molecules. In many species, ranging between all four AWA and AWC cells cannot account from yeast to mammals, multiple G␣-, ␤-, and ␥-genes, for all observed odorant discrimination (Wes and Bargwhich may function simultaneously in the same cells, mann 2001), suggesting that additional intracellular mechhave been identified. It is often unclear how many and anisms exist that establish odorant specificity. which G-protein pathways can be activated by a certain Genetic screens have identified several genes involved signal. Parallel activation of multiple pathways implies that in odorant detection (Table 1) . Surprisingly, signal specificity and cross-talk must be precisely regulated.
transduction in the AWA and AWC neurons is not idenThe olfactory system of Caenorhabditis elegans is adetical. In both cell types, binding of an odorant to a GPCR quately suited for studying G-protein signaling and its is thought to activate the G␣-protein ODR-3 (Roayaie et specificity. Five pairs of neurons, AWA, AWB, AWC, al. 1998) . In the AWA cells, ODR-3 probably activates a ASH, and ADL, are involved in olfaction, but only two TRPV channel consisting of the subunits OSM-9, OCR-1, of these, the AWA and AWC cells, detect attractive odorand/or OCR-2 Tobin et al. 2002) . ants (Bargmann et al. 1993; Troemel et al. 1995 Troemel et al. , 1997 .
In the AWC cells, ODR-3 induces an increase in intracelBoth AWA and AWC neurons express many G-proteinlular cGMP, mediated by the guanylyl cyclases ODR-1 coupled receptors (GPCRs) and at least three G␣-suband DAF-11, leading to opening of the cyclic nucleotideunits (Troemel et al. 1995; Zwaal et al. 1997 ; Roayaie gated channel TAX-2/TAX-4 (Coburn and Bargmann et al. 1998; Jansen et al. 1999) . Using these four cells, 1996; Komatsu et al. 1996; Birnby et al. 2000 ; L'Etoile C. elegans can detect and discriminate many odorants and Bargmann 2000) . In addition to ODR-3, the G␣-pro- (Bargmann et al. 1993 ) and adapt to an odorant while teins GPA-2 and GPA-5 also are involved in regulating remaining responsive to another (Colbert and Bargodorant responses (Roayaie et al. 1998; Jansen et al. 1999) . However, their exact function remains unclear. The functions of other olfactory G␣-subunits have not 1 number of animals at the control, divided by the total number  TABLE 1 of animals. The data obtained were analyzed using a one-way Signaling molecules involved in odorant detection by ANOVA test.
AWA and AWC
Immunofluorescence: Animals were permeabilized, fixed, and stained according to standard methods (Finney and Ruvkun 1990) . Polyclonal antibodies were generated by collecting Cells G␣-subunits and signaling pathway serum from rabbits immunized with full-length, E. coli -pro-AWA ODR-3, GPA-3, GPA-5, GPA-6 (G␣-subunits) duced, SDS-PAGE-purified G␣-proteins fused to glutathione OSM-9, OCR-1, OCR-2 (TRPV channel subunits) S-transferase. Staining was performed using dilutions of crude sera, or, if necessary, sera that were first affinity purified or AWC ODR-3, GPA-2, GPA-3, GPA-13 (G␣-subunits) precleared with acetone-fixed mutant animals. Secondary antibodies were goat-anti-rabbit Alexa-594-conjugated (Molecular ODR-1, DAF-11 (guanylyl cyclases) Probes, Eugene, OR). Specificity of all antibodies was con-TAX-2, TAX-4 (cGMP gated channel subunits) firmed by the absence of immunoreactivity in G␣ null mutants. G␣-subunits expressed in AWA and AWC with their downMicroscopy: Antibody staining and cilia morphology were stream signaling targets. See text for references. examined using a Leica DMRBE microscope, equipped with a Hamamatsu C4880 camera ( Figure 1 ) and a Zeiss Axiovert 200, equipped with a Hamamatsu ORCA-ER camera ( Figure  4 ). Individual cells were identified by using a combination of GPA-13 function in the AWA and AWC neurons ( Jansen their position and morphology (White et al. 1986) and . In this study, we report a further charactergpc-1::GFP construct ( Jansen et al. 2002) . AWA and AWC cilia ization of all six olfactory G␣-genes. Using antibodies,
were identified by using gpa-6::GFP and gpa-13::GFP ( Jansen we show that they all, except GPA-6, localize to the et al. 1999) constructs, respectively. While observing cells and cilia, we did not observe obvious defects in axon morphology ciliated endings of the sensory neurons. GPA-2, -3, -5, or outgrowth in G␣-mutants.
and -6 are also localized to the cell bodies and axons, GPA-5 is enriched at synaptic sites. Next, we show that, in the AWA neurons, ODR-3 and GPA-3 stimulate olfac-RESULTS tion, whereas GPA-5 suppresses signaling. In the AWC neurons, olfaction is regulated by a balance between Six G␣-subunits localize to the cilia and axons of the the stimulatory G␣-subunits ODR-3, GPA-3, and GPA-AWA and AWC neurons: Of the 21 G␣-genes of C. elegans, 13 and the inhibitory G␣ GPA-2. Finally, we show that 14 are specifically expressed in the amphid sensory neuonly ODR-3 is involved in cilia morphogenesis. Alrons (Zwaal et al. 1997; Roayaie et al. 1998 Jansen et al. 1999) . To determine the subcellular localization of the G␣-subunits, we genStrains and plasmids: Nematodes were grown at 20Њ or 25Њ on Escherichia coli strain OP50 using standard methods (Brenerated polyclonal antibodies and immunostained nemaner 1974). Wild-type animals were C. elegans variety Bristol, todes. The overall expression patterns of the G␣-substrain N2. Alleles used in this study were gpa-2(pk16) and gpa-3 units, as observed with the antibodies, correlated well (pk35) (Zwaal et al. 1997); gpa-3XS(pkIs508), gpa-5(pk376), gpa-5 with the described expression patterns (Table 2) . , and gpa-13(pk1270) ( Jansen et al. 1999) ; odrThe AWA and AWC cells each have an axon innervat-1(n1936) (L'Etoile and Bargmann 2000); odr-3(n1605) ing the nerve ring, contacting other neurons, and a (Roayaie et al. 1998); odr-7(ky4) (Sengupta et al. 1994) ; and dendrite ending in elaborate cilia structures at the tip str-2::GFP(kyIs140) (Troemel et al. 1999) . Injection of transof the nose (Ward et al. 1975; Ware et al. 1975 ; White genes, at 5-50 ng/l, was performed according to standard et al. 1986 ). The AWA and AWC cilia can be recognized methods (Mello et al. 1991) . Extrachromosomal transgenes were gpa-5::snb-1::GFP, gpa-6::GFP ( Jansen et al. 1999) , gpadue to their widespread, wing-like morphology (see Fig-13 ::GFP ( Jansen et al. 1999) , and gpc-1::GFP ( Jansen et al. ure 4, A and E), in contrast to the single or double- 2002) . gpa-5::snb-1::GFP was created by fusing a 1385-bp NaeIrod-like cilia of most of the other amphid neurons. In Chemotaxis assays and statistical analysis: Olfactory chemoneurons, while only faint staining of the dendrites and taxis was tested at least four times on two separate days, as cell bodies was observed (Table 2) . At high magnificadescribed (Bargmann et al. 1993 Expression patterns of GPA-2, GPA-3, GPA-5, GPA-6, GPA-13, and ODR-3 are shown as observed with polyclonal antibodies. Staining was performed on wild-type animals, except for anti-GPA-6 antibodies, which were applied to gpa-6XS animals. Expression patterns based on GFP fusion constructs have been described previously (Zwaal et al. 1997; Roayaie et al. 1998; Jansen et al. 1999) . Cells that were previously not identified are underlined.
Roayaie
also stained the cilia of one or both of the phasmid amphid cilia was GPA-6. In wild-type animals, no GPA-6 immunoreactivity could be detected. However, in anineurons PHA and PHB ( Table 2) .
Staining of the amphid cilia was also observed with mals overexpressing GPA-6, the dendrites, cell bodies, and axons of four pairs of amphid neurons, but not anti-GPA-2, GPA-13, and GPA-5 antibodies ( Figure 1 , C-E). Anti-GPA-2 antibodies stained many cilia, cell the cilia, showed staining ( Figure 1G ; Table 2 ). The positions of the cell bodies and colocalization experibodies, and axons in the head ( Figure 1C ; results not shown). Two cell bodies in the anterior ganglion, two ments suggested that these cells are AWA, AWB, ADL, and ASH. No staining was observed in the ASI cells pharyngeal muscle cells, and seven cell bodies in the lateral and ventral ganglia showed staining, indicating ( Jansen et al. 1999) . The two pairs of phasmid neurons, PHA and PHB, and a third unidentified cell, posterior that GPA-2 is expressed in more cells than initially identified (Zwaal et al. 1997 ; Table 2 ). Importantly, in addito these neurons, were also visible. Previously, we found impaired odorant responses in tion to rod-like cilia, the typical wing shape of the AWC cilia could be distinguished at high magnification (renematodes overexpressing constitutively active GPA-3 (GPA-3QL; Jansen et al. 1999) . However, gpa-3::lacZ and sults not shown). This confirms that GPA-2 is expressed in the AWC cells. We found no indications of GPA-2 GFP expression could not be detected in the AWA or AWC cells (Zwaal et al. 1997 ; results not shown). We expression in the AWA cells.
Anti-GPA-13 antibodies stained the cilia of amphid found anti-GPA-3 antibody staining in the cilia, cell bodies, and axons of many amphid cells ( Figure 1H ) and and phasmid neurons ( Figure 1D ; Table 2 ). At high magnification, the AWC cilia and two slender cilia that the two phasmid cells PHA and PHB (Table 2 ). The amphid cell bodies were faintly visible, but the typical probably belong to the ASH and ADF neurons could be observed (Jansen et al. 1999 ; results not shown).
wing shape of the AWC cilia could be recognized. Application of anti-GPA-3 antibodies to gpa-6::GFP animals Anti-GPA-5 antibodies were detected not only in the cilia, but also in the cell bodies and axons of the AWA showed GPA-3 colocalization with GPA-6::GFP in the AWA cilia and cell bodies (results not shown). neurons ( Figure 1, E and F) . Often, although faintly, staining was observed in the ADL cell bodies, but not Taken together, our results suggest that ODR-3, GPA-2, GPA-3, GPA-5, and GPA-13 may be directly inin the ASI cells (Jansen et al. 1999; Table 2) . A punctate staining pattern of the axon with anti-GPA-5 antibodies volved in chemosensory signaling in the amphid cilia, unlike GPA-6, and that GPA-5 may also function at the suggested that GPA-5 might be located at the synaptic sites of the AWA axons. Therefore, we generated anisynapse. ODR-3 and GPA-3 act redundantly in olfactory signalmals that expressed a snb-1::GFP fusion construct specifically in AWA. Due to its fusion with SNB-1 synaptoing: To determine whether the G␣-subunits are involved in odorant detection, we tested animals with lossbrevin, green fluorescent protein (GFP) localizes to synaptic vesicles in these animals (Nonet 1999) . Stainof-function (l.o.f.) mutations in one or more G␣-subunits (Zwaal et al. 1997; Roayaie et al. 1998 ; Jansen et ing with anti-GPA-5 serum showed a punctate localization of GPA-5 close to SNB-1::GFP ( Figure 1F) , sugal. 1999 ) in odorant chemotaxis assays. First, the optimal chemotaxis conditions in our laboratory were detergesting that GPA-5 might function at the periactive zones of the AWA synapses.
mined. We obtained strong, reproducible chemoattraction with 1:10 and 1:100 dilutions of benzaldehyde, butaThe only G␣-subunit that was not detected in the none, and isoamyl alcohol, whereas diacetyl, 2,4,5-hol almost completely depended on AWC, whereas only low concentrations of benzaldehyde were specific to trimethylthiazole and 2,3-pentanedione gave reliable results at dilutions ranging from 1:10 to 1:1000. Optimal AWC. Low concentrations of diacetyl and pyrazine were specifically detected by the AWA cells, but high concenpyrazine chemotaxis was achieved with 10 and 100 mg/ ml concentrations. Low odorant concentrations are spetrations involved both AWA and AWC. The responses to 2,4,5-trimethylthiazole and 2,3-pentanedione seemed cifically detected by either the AWA or the AWC cells and higher concentrations by both (Bargmann et al. not specific to the AWA or AWC cells at the concentrations that gave strong, reproducible results (Table 3 and 1993; Chou et al. 2001) . Therefore, we determined the cellular specificity of the odorant response, using odr-7 results not shown).
We tested the odr-3(n1605) l.o.f. mutant and conand odr-1 animals, which are defective in AWA and AWC olfaction, respectively (Bargmann et al. 1993 1998; Figure 2 , A-C; results not shown). In our assays, azole ( Jansen et al. 1999 ; Figure 3 , A-C), suggesting that GPA-5 might have an inhibitory function. Further the response to butanone and low concentrations of diacetyl and benzaldehyde seemed to depend solely on analysis of the olfactory response of gpa-5 odr-3 mutants showed that loss of GPA-5 suppressed the chemotaxis odr-3. In contrast, the response to 2,3-pentanedione was only slightly affected. Other odorants gave intermediate defect of odr-3 animals for all odorants detected by the AWA cells (Figure 3 , A and B; results not shown). Supphenotypes.
To identify the G␣ responsible for the residual repression was strongest when using high odorant concentrations. The impaired chemotaxis of odr-3 animals to sponse of odr-3 animals, we also tested other G␣ l.o.f. mutants, but observed no or only very mild effects (reisoamyl alcohol, butanone, and low concentrations of benzaldehyde could not be suppressed by loss of GPA-5, sults not shown). This suggested that ODR-3 alone is sufficient for odorant detection. To test this, we generin agreement with the fact that these odorants are detected by AWC, in which gpa-5 is not expressed ( Figure  ated animals with mutations in all six G␣-subunits except odr-3. These gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 mutants 3C; results not shown). To confirm that GPA-5 caused the suppression of the odr-3 phenotype, we tested an showed wild-type levels of chemotaxis to all odorants at all concentrations tested (Figure 2 , A-C; results not independent gpa-5 l.o.f. allele (pk377), which gave similar results (results not shown). shown), validating the idea that ODR-3 constitutes the major signaling pathway in AWA and in AWC. AddiNext, we tested chemotaxis of gpa-2 odr-3 animals. Previously, a stimulatory function for GPA-2 was found tional loss of odr-3 abrogated chemotaxis to all odorants, except to pyrazine and high concentrations of 2,4,5-in butanone perception (Roayaie et al. 1998) . We found that GPA-2 negatively affects odorant detection, since trimethylthiazole (Figure 2 , A-C; results not shown). These odorants may also be sensed by other cells (Barggpa-2 odr-3 animals showed improved odorant responses as compared to odr-3 animals ( Figure 3 , A-C; results not mann et al. 1993).
Subsequently, to identify the G␣ mediating the residshown). Like GPA-5, the inhibitory function of GPA-2 was clearest when using high odorant concentrations. ual response in odr-3 animals, double mutants between odr-3 and gpa-2, gpa-3, gpa-5, gpa-6, or gpa-13 were tested.
Only isoamyl alcohol and butanone responses seemed not affected. Since the butanone response was comChemotaxis to all odorants was completely abolished in gpa-3 odr-3 mutants, at all concentrations tested (Figure pletely abolished in odr-3 animals, a redundant stimulatory function for GPA-2 in butanone detection could 2, A-C; results not shown), indicating that GPA-3 also has a stimulatory role in odorant detection, redundant not be analyzed (Roayaie et al. 1998 ).
Chemotaxis of gpa-6 odr-3 and gpa-13 odr-3 mutants to ODR-3. This phenotype could be rescued by the introduction of a gpa-3 transgene ( Figure 2D) . To confirm also was tested. A function for GPA-6 in odorant detection could not be found, which is in agreement with its that GPA-3 is functionally redundant to ODR-3, animals were generated with mutations in all six G␣-subunits absence from the cilia. The behavior of gpa-13 odr-3 animals was indistinguishable from that of odr-3 animals, except gpa-3. Surprisingly, these gpa-2 gpa-5 gpa-6 gpa-13 odr-3 animals showed strong chemotaxis to all odorants, except for the response to low concentrations of 2,3-pentanedione ( Figure 3D ). In addition to this phenoexcept to butanone (Figure 2 , A-C; results not shown). Especially, chemotaxis to AWA-detected odorants was type, we observed that inactivation of gpa-13 in gpa-2 odr-3 or gpa-5 odr-3 animals significantly reduced chemovery strong. These results indicate that GPA-3 also is sufficient for detection of most odorants.
taxis responses (Figure 3 ; results not shown), suggesting a minor stimulatory role for GPA-13 in olfactory signaling. GPA-2, GPA-5, and GPA-13 modulate signaling via ODR-3 and GPA-3: Previously, we have shown that Taken together, our results confirm that ODR-3 constitutes the main stimulatory olfactory signaling pathnegatively influences the response to 2,4,5-trimethylthi- Figure 2 .-ODR-3 and GPA-3 form the major stimulatory signals in odorant detection. Chemotaxis of odr-3 animals and gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 animals (shown as gpa-2 3 5 6 13) shows that ODR-3 is necessary and sufficient for chemotaxis to all odorants (see also Roayaie et al. 1998) . GPA-3 is redundant to ODR-3 and is sufficient for chemotaxis at almost wild-type levels, as is evident from chemotaxis of gpa-3 animals, gpa-3 odr-3 double mutants, and gpa-2 gpa-5 gpa-6 gpa-13 odr-3 mutants (shown as gpa-2 5 6 13 odr-3). Mutants that lack all six olfactory G␣-subunits (shown as "all") display no odorant attraction. Shown are the responses to odorants sensed primarily by AWA [A, 10 mg/ml pyrazine (pyr) and 1:1000 diacetyl (dia)], by AWA and AWC [B, 1:1000 2,4,5-trimethylthiazole (tmt) and 2,3-pentanedione (pent)], and by AWC [C, 1:100 benzaldehyde (benz), isoamyl alcohol (iaa), and butanone (but)]. D shows that chemotaxis to 50 mg/ml pyrazine of gpa-3 odr-3 mutants can be restored by introducing a gpa-3 transgene (shown as gpa-3 odr-3 gpa-3XS). Error bars denote standard error of the mean. Significant differences of odr-3 and gpa-3 animals compared to wild type (*, P Յ 0.01), gpa-3 odr-3 compared to odr-3 animals (ϩ, P Յ 0.01; ϩϩ, P Յ 0.05), and gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 and gpa-2 gpa-5 gpa-6 gpa-13 odr-3 animals compared to gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 odr-3 mutants (Њ, P Յ 0.01; ЊЊ, P Յ 0.05) are shown. In D, # denotes significant difference from gpa-3 odr-3 (P Յ 0.01).
way. Furthermore, our findings suggest that the olfacactivated upon odorant stimulation and may be necessary to obtain a precisely tuned response. tory defect of odr-3 mutants, for most odorants, is caused by the inhibitory action of GPA-2 and GPA-5. GPA-3 can Olfactory defects are not caused by altered cilia morphology: The odorant chemotaxis defects of G␣-subunit fully substitute for ODR-3, but only when the function of GPA-2 or GPA-5 is lost and with the aid of GPA-13 mutants could be the result of developmental or structural defects of the sensory neurons. Such defects have or when all five other G␣-subunits have been inactivated. Our data suggest that the olfactory response in C. elegans been described for gpa-3 and odr-3 animals. The amphid neurons of gpa-3QL animals have lost the ability to take is regulated by a complex signaling network, which is Figure 3. -GPA-5 and GPA-2 negatively regulate chemotaxis to most odorants, and GPA-13 has a stimulatory function. Chemotaxis of animals that lack ODR-3 and GPA-5 (gpa-5 odr-3) or GPA-2 (gpa-2 odr-3) reveals that GPA-5 and GPA-2 inhibit odorant detection in odr-3 animals. Furthermore, GPA-13 has a stimulatory function, which becomes apparent when gpa-2 is inactivated in an odr-3 background (compare gpa-2 odr-3 with gpa-2 gpa-13 odr-3). Shown are the responses to high concentrations of odorants sensed primarily by AWA [A, 100 mg/ml pyrazine (pyr) and 1:10 diacetyl (dia)], by AWA and AWC [B, 1:10 2,4,5-trimethylthiazole (tmt) and 2,3-pentanedione (pent)], and by AWC (C, 1:10 benzaldehyde (benz), isoamyl alcohol (iaa), and butanone (but)]. Low concentrations of diacetyl (1:1000, A) are also shown. D shows that GPA-13 is specifically involved in 2,3-pentanedione (1:1000 diluted; pent) signaling. Error bars denote standard error of the mean. Significant differences of gpa-5 odr-3, gpa-2 odr-3, and gpa-13 odr-3 animals compared to odr-3 animals (*, P Յ 0.01; **, P Յ 0.05), gpa-2 gpa-13 odr-3 compared to gpa-2 odr-3 animals (ϩ, P Յ 0.01; ϩϩ, P Յ 0.05). up fluorescent dyes (Zwaal et al. 1997) , probably betants, except odr-3 animals, had normal axon, dendrite, and cilia structures (Figure 4 , B and F; results not cause of structural defects of the cilia ( J. Burghoorn and G. Jansen, unpublished results). Furthermore, the shown). As previously described (Roayaie et al. 1998) , the AWC cilia of odr-3 animals were flatter and less well level of odr-3 expression controls AWA and AWC cilia morphology (Roayaie et al. 1998) . Low levels of ODR-3 differentiated, whereas the AWA cilia appeared normal. Next, gpa-3 odr-3 double mutants were analyzed. Aldefine flattened, filamentous cilia, but this is probably not the cause of the olfactory defects of odr-3 mutants.
though these mutants are more severely defective than odr-3 animals, their AWA and AWC cilia resembled those To rule out the possibility that altered cilia morphology causes the olfactory differences seen in G␣-mutants, we of odr-3 animals ( Figure 4C ; results not shown). Likewise, the cilia of animals with combinations of l.o.f. analyzed the AWA and AWC cilia of these mutants in more detail. For this purpose, we used the G␣-specific mutations in gpa-2, gpa-5, gpa-6, and gpa-13, some of which chemotax better than odr-3 animals (Figures 2 antibodies and the AWA-expressed gpa-6::GFP and AWCexpressed str-2::GFP and gpa-13::GFP transgenes. and 3), were comparable to odr-3 mutants (results not shown). These observations suggest that altered cilia The AWA cilia have a branched, filamentous shape, while the AWC cilia have a wide, wing-like structure morphology, as observed in odr-3 animals, does not cause the apparent olfactory defects or that impaired (Ward et al. 1975 ; Figure 4 , A and E). Unlike the majority of the amphid cilia, these cilia are not exposed to sensory signaling causes cilia degradation. Next, five-and sixfold G␣-mutants were examined. the environment (Ward et al. 1975; Ware et al. 1975) .
First, single mutant animals were analyzed. All muThe AWA cilia appeared as wild type in animals that :GFP in the AWC and ADF/ASH cilia. The branched, filamentous structure of the AWA cilia is apparent from A-D. Because the structure of the AWC cilia is less apparent in E-H, a schematic of the cilia of AWC (blue) and ADF and ASH (red) is provided. The AWA cilia of wild type (A), odr-3 (B), gpa-3 odr-3 (C), and gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 odr-3 sixfold mutants (D) are all extensively branched, despite olfactory differences. The AWA cilia of gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 odr-3 mutants were difficult to visualize properly, because gpa-6::GFP is poorly expressed in these mutants. The AWC cilia of odr-3 (F) and gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 odr-3 sixfold mutants (H) are less well differentiated than the AWC cilia of wild-type (E) and gpa-2 gpa-3 gpa-5 gpa-6 gpa-13 animals (G). For odr-3 cilia, see also Roayaie et al. (1998) . Left is anterior. Bars, 5 m. (A-H) ϫ630.
expressed only gpa-3, gpa-5, gpa-6, or odr-3, although AWA and the AWC cells, respectively, and GPA-13 has a minor stimulatory role in the AWC cells. Although these mutants show varying chemotaxis (Figure 2 ; results not shown). Also, animals that had lost all six G␣-the odorant concentrations used in this study are not all detected specifically by either AWA or AWC, it is subunits showed wild-type AWA cilia ( Figure 4D ). With regard to the AWC cilia, nematodes that expressed only highly likely that the observed regulation by G␣-subunits occurs only in these cells. First of all, no other cells have gpa-2, gpa-3, or gpa-13 and animals with l.o.f. mutations in all six olfactory G␣-subunits had flattened AWC cilia, been reported to be involved in odorant attraction in C. elegans. Second, GPA-5 is expressed only in AWA and similar to odr-3 animals ( Figure 4H ; results not shown). In contrast, animals that expressed only odr-3, i.e., gpa-2 faintly in ADL, whereas AWC is the only sensory amphid cell in which GPA-2 is expressed. Finally, AWA-specific gpa-3 gpa-5 gpa-6 gpa-13 mutants, had wild-type AWC cilia ( Figure 4G ). These results indicate that, of the four expression of GPA-3 rescues AWA-mediated olfaction in a gpa-3 odr-3 background (H. Lans and G. Jansen, AWC-expressed G␣-subunits, only ODR-3 is necessary to establish normal AWC cilia morphology. The other unpublished results). We cannot exclude that other ubiquitously expressed five olfactory G␣-subunits are not involved in AWA or AWC cilia development.
G␣-subunits, like goa-1 (Mendel et al. 1995; Segalat et al. 1995 ), gsa-1 (Korswagen et al. 1997 ), egl-30 (Lackner et al. 1999 ), and gpa-7 (Jansen et al. 1999 , also DISCUSSION function in the AWA and AWC cells. However, on the basis of the data presented in this study, it is not likely Olfaction using four cells requires signaling via five G␣-subunits: Our results show that olfactory signaling that one of these is required for olfactory signaling. It is striking that signaling in AWA and AWC, the only in C. elegans is more complex than initially realized. Five G␣-subunits regulate the response of C. elegans to cells required for odorant attraction (Bargmann et al. 1993) , involves different G␣-subunits. Interestingly, this attractive odorants ( Figure 5 ). ODR-3 constitutes the main stimulatory signal in the AWA and AWC cells.
correlates well with the existence of dissimilar downstream signaling pathways in the two neuron pairs (Ta-GPA-3 also provides a stimulatory signal in both neuron pairs. GPA-5 and GPA-2 have inhibitory functions in the ble 1; Figure 5 ). In AWA, signaling is reminiscent of Figure 5 .-Model of G␣ signaling during odorant detection via the AWA and AWC cells. In AWA, both ODR-3 and GPA-3 can transduce the odorant signal to the TRPV channel OSM-9/OCR-1/OCR-2, but ODR-3 forms the major pathway. GPA-5, at an unknown effector, cross-interacts with this signal to inhibit signaling. GPA-5 might be activated by the same receptor as ODR-3 and GPA-3 or by another receptor. In AWC, mainly ODR-3, but also GPA-3, transduces the odorant signal to the guanylyl cyclases ODR-1 and DAF-11, leading to the opening of the TAX-2/TAX-4 ion channel. GPA-2 and GPA-13 inhibit and stimulate this signal, respectively. Drosophila phototransduction, due to its dependence
In addition, overlapping G-protein pathways could facilitate discrimination between odorants detected by on TRP channel proteins Hardie and Raghu 2001; Tobin et al. 2002) . AWC signaling, the same neuron (Wes and Bargmann 2001) . Our finding that two G␣-subunits, ODR-3 and GPA-3, can medion the other hand, resembles that in the mammalian main olfactory epithelium, where all signals converge ate the detection of all odorants provides a basis for this idea. Inhibition of ODR-3 and GPA-3 signaling by GPA-2 on a cyclic nucleotide-gated channel (Coburn and Bargmann 1996; Komatsu et al. 1996; Firestein 2001) . Sigand GPA-5 could also be a means for odorant discrimination. Both adaptation and discrimination assays could naling in this system also involves a separate modulatory pathway and multiple G␣-proteins (Jones and Reed shed more light on the involvement of G-proteins in adaptation and discrimination. 1989; Belluscio et al. 1998; Wekesa and Anholt 1999; Luo et al. 2002; Spehr et al. 2002) .
Finally, another hint at the biological significance of the G-protein network could be provided by the finding Why would C. elegans need several G␣-subunits with overlapping or antagonizing functions to modulate olthat vulval induction by the Ras-mitogen-activated protein kinase (MAPK) pathway is negatively regulated by faction? We hypothesize that such a balanced signaling network is necessary to allow adjustment of the response GPA-5 and the GPCR SRA-13, depending on food conditions (Battu et al. 2003) . This indicates that olfactory to an odorant when odorant concentrations or other environmental conditions change. The inhibitory effects signaling not only serves to direct movement toward food, but also may regulate developmental processes. of GPA-2 and GPA-5 were most obvious when the animals were exposed to high odorant concentrations. In these Specificity of G-protein signaling pathways: Our genetic analysis of G-protein function in olfactory signalcircumstances, desensitization or adaptation mechanisms may become activated. Following prolonged exposure to ing shows that the G␣-subunits have specific functions, despite their shared localization in the cell. This raises high odorant concentrations, C. elegans shows a diminished response to that odorant, but not to other odorthe question of how specificity is organized and maintained. ants (Colbert and Bargmann 1995) . This process, which is called adaptation, involves the unknown adp-1 gene, First of all, specificity may be defined by specific interactions with receptors, G␤␥-subunits, and effectors. It the TRPV channel subunit OSM-9, and the cGMP-dependent protein kinase EGL-4 (Colbert and Bargmann is likely that ODR-3 and GPA-3 are activated by the same receptors during odorant detection. GPA-2 and GPA-5 1995; L' Etoile et al. 2002) . Since odorant adaptation is triggered by calcium and cGMP levels, it seems likely might inhibit signaling by competing for these receptors, but could also be activated by different receptors that this response is regulated by stimulating and inhibiting G␣-subunits. Furthermore, odorant-specific adapor in a receptor-independent fashion. Recently, GPA-5 and SRA-13 have been found to negatively regulate a tation is modulated by other environmental cues, which are probably transduced by G-proteins. For example, Ras/MAPK pathway downstream of ODR-3 in the AWC cells (Hirotsu et al. 2000; Battu et al. 2003) . Although the absence of food stimulates benzaldehyde adaptation, but not isoamyl alcohol adaptation (Colbert and this could provide a mechanism through which ODR-3 and GPA-3 signaling is inhibited, it is unclear how GPA-5 Bargmann 1997). Similarly, the presence of food suppresses benzaldehyde adaptation (Nuttley et al. 2002) .
could function in the AWC cells. Furthermore, it is striking that no effect of GPA-2 on the Ras/MAPK pathAlthough it is uncertain where the integration of signals like food availability and odorants occurs, multiple way has been observed (Battu et al. 2003) . Another determinant is provided by the ␤␥-dimer G-proteins within one cell might be essential to control the proper response of an animal to several simultanethat associates with the G␣-subunits. C. elegans has two G␤-and two G␥-subunits, GPB-1 and -2 and GPC-1 and -2 ous cues.
